Precipitation of curcumin, a poorly water-soluble drug, has been carried out by the liquid antisolvent technique in the presence of ultrasound and stabilizers. Curcumin particles with varied morphology were observed to have formed during precipitation in the presence of ultrasound and additives such as sodium dodecyl sulfate (SDS), Tween 80, hydroxyl propyl methylcellulose (HPMC), polyvinyl pyrrolidone (PVP), and bovine serum albumin (BSA). Characterization of the precipitated particles reveals that curcumin particles precipitated with ultrasound and large polymeric stabilizers such as HPMC, PVP, and BSA are superstructures formed by aggregation of several primary curcumin nanoparticles. The particles in these cases appeared to be loose aggregates (of~1-5 μm in size) composed of several curcumin nanoparticles (~50-200 nm in size). On the other hand, curcumin particles precipitated in the presence of ultrasound and without additive as well as small-molecule stabilizers like SDS and Tween 80 appear more fused (the primary building blocks of these particles were not clearly visible). Moreover, curcumin particles precipitated in the presence of ultrasound only and particles precipitated in the presence of ultrasound along with additives were found to exist in the orthorhombic form, whereas raw curcumin and curcumin particles precipitated without any additive and without ultrasound were found to exist in the monoclinic form. The results obtained in this work suggest that curcumin particles with the desired physical form and morphology can be engineered through a careful manipulation/choice of ultrasound and additives during precipitation.
Introduction
Liquid antisolvent (LAS) precipitation is one of the bottomup techniques to produce nanoparticles of poorly watersoluble active pharmaceutical ingredients (APIs). 1 Various drug formulation strategies have been extensively studied for such drugs over the past few decades to enhance their dissolution rates. 2 One of the formulation strategies is to prepare nanoparticles/microparticles of these drugs. A decrease in particle size increases the surface-to-volume ratio and hence their rate of dissolution. 2 The liquid antisolvent (LAS) process provides an attractive alternative to most of the available bottom-up methods in a way that it can be carried out at ambient temperatures and atmospheric pressure with no requirement of expensive equipment (with easy scalability). 1 In LAS precipitation, addition of a non-solvent to the solution of solute in solvent creates supersaturation resulting in the precipitation of solute. The precipitation of solute via LAS has been considered to follow a classical crystallization pathway where nuclei formed subsequent to the generation of supersaturation grow by the process of molecular addition. [3] [4] [5] However, it has recently been shown that the LAS precipitation of organic compounds 6-12 also follows a non-classical pathway where colloidal nanosized intermediates assemble in the presence of additives/direction to form superstructures. 13 These superstructures are intermediates to crystalline particles and the crystallographic fusion of the constituents of these particles leads to the formation of crystalline particles.
The formation of such superstructures has widely been reported for many biominerals and several inorganic materials. 13 However, reports on the occurrence of such superstructures observed during precipitation of organic materials are rare. There are a few studies on the formation of superstructures for organic materials such as amino acids like diphenylalanine, and sodium ibuprofen dihydrate 12 that have been reported.
In this paper, we present an account of the formation of superstructures of curcumin nanoparticles, precipitated from its ethanolic solution in the presence of ultrasound and additives using water as an antisolvent (experimental details are presented in the ESI †). Curcumin is a poorly water-soluble drug found in the herbal spice turmeric (Curcumin longa). It has potential antioxidant, anti-inflammatory, antitumor, anti-HIV, and antimicrobial properties. 15 We show that the use of ultrasound and stabilizers during precipitation of curcumin particles induces morphological transformations. Curcumin exists in three forms of which form 1 is monoclinic and the other two forms (form 2 and form 3) are orthorhombic. 16, 17 While unprocessed curcumin and curcumin particles precipitated without ultrasound and without stabilizers were present in the monoclinic form (form 1), the curcumin particles precipitated in the presence of ultrasound and stabilizers were found to exist in the orthorhombic form (form 2 and form 3). Based on the characterization of the precipitated particles, we propose that the non-classical pathways of particle formation are followed during precipitation of curcumin particles in the presence of ultrasound and large polymeric additives such as BSA, HPMC and PVP, where the primary curcumin nanoparticles (~50-200 nm in size) aggregate to form secondary superstructures which are 1-5 μm in size.
Results and discussion
2.1. Physical form of precipitated curcumin particles Fig. 1 presents powder X-ray diffraction (PXRD) patterns of unprocessed curcumin and precipitated curcumin particles, and of monoclinic (form 1) and orthorhombic forms (form 2 and form 3) of curcumin available in the literature. 16, 17 Comparison of PXRD patterns for unprocessed curcumin and curcumin particles precipitated without ultrasound and without stabilizer clearly indicates that these particles exist in form 1 (monoclinic form). On the other hand, curcumin particles precipitated in the presence of ultrasound only and the curcumin particles precipitated in the presence of ultrasound and stabilizers such as SDS, Tween 80, BSA, HPMC exist in form 3 (orthorhombic form). Similarly, curcumin particles precipitated in the presence of ultrasound and PVP were found to exist in form 2 (orthorhombic form) (see the ESI † Table S1 and Fig. S1 to S12 for form identification).
The monoclinic form (form 1) of curcumin differs from the orthorhombic form (forms 2 and 3) mainly in terms of the conformation of a curcumin molecule and its interaction through hydrogen bonding with the neighboring curcumin molecules. In the monoclinic form, curcumin molecules form a macrocyclic hydrogen bond ring due to phenol O-H⋯O interactions among the curcumin molecules 16 ( Fig. S13 †) .
Such a hydrogen bond ring is absent in the orthorhombic form ( Fig. S14 and S15 †). In the monoclinic form, the curcumin molecule has a curved and slightly twisted conformation, whereas it has a linear and planar conformation in the orthorhombic form 16 ( Fig. S16 †) . It could therefore be suggested that the precipitation of curcumin particles with the orthorhombic curcumin form (instead of the monoclinic form) in the presence of ultrasound could possibly be attributed to the prevention of hydrogen bonding interactions among curcumin molecules by ultrasound. Similar observations have been made during sonocrystallization of several APIs such as p-aminobenzoic acid, L-glutamic acid, sulfamerazine, and glycine, [18] [19] [20] [21] [22] where the ultrasound was found to interrupt the intermolecular interactions Fig. 1 Overlay of powder X-ray diffraction patterns of (A) Raw Curcumin, (B) Curcumin particles precipitated without ultrasound and without stabilizer, (C) Form 1 (monoclinic form) of Curcumin, 16, 17 and Curcumin particles precipitated in presence of (D) ultrasound and without stabilizer, (E) ultrasound and SDS, (F) ultrasound and Tween 80, (G) ultrasound and BSA, (H) ultrasound and HPMC, (I) Form 3 (orthorhombic form) of Curcumin 16, 17 , (J) ultrasound and PVP, (K) Form 2 (orthorhombic form) of Curcumin. 16, 17 during the stage of critical nuclei formation and bring about the polymorphic transformations.
Morphology of curcumin superstructures formed in the presence of ultrasound and stabilizers
Scanning electron microscopy (SEM) analysis of curcumin particles reveals interesting morphological characteristics. The morphology of curcumin particles varies depending upon the variation in the presence or absence of ultrasound and the type of stabilizer used. Fig. 2a presents SEM images of curcumin particles precipitated without ultrasound and without stabilizers. It is interesting to observe that particles in this case exhibit a flower-like morphology at 0 h which are typically~4-5 μm in size. Fig. 2b presents the SEM image of these particles after 24 h from the time of precipitation, where dendritic structures could be observed. Each individual particle (around 35-40 μm in length) consists of a stem-like middle portion (which is 5 μm in size, shown in Fig. 2c ) from where the extended tentacles (each of~15-17 μm in size) originate. It is interesting to observe from Fig. 2a that the particles at 0 h show ends with small finger-like protrusions, which indicates an onset of particle branching. 23 The finger-like protrusions later grow into large tentacles at 24 h (Fig. 2b) . Fig. 2 (d-f) present SEM micrographs of curcumin particles precipitated in the presence of 105 W ultrasound but no stabilizer. It can be observed that particles at 0 h exhibit a long rice seed-like morphology with the length of the particles around~5 μm (Fig. 2d) . The particles appear to consist of several layers of curcumin with prominent growth along the c-axis. These particles at 0 h show signs of initial sprouting of tentacles but the tentacles do not grow at 24 h (Fig. 2e) unlike the particles precipitated in the absence of ultrasound (Fig. 2b) . In order to understand the process of particle formation, a time-resolved SEM analysis was carried out for precipitation of curcumin in the presence of ultrasound only (no stabilizer). In these studies, the SEM images were recorded for the samples taken out from the solution immediately after addition of antisolvent (>5 s) and then at 1, 3, and 10 minutes during sonication. These SEM images are presented in Fig. 3 . It can be observed clearly that at 0 minute, the solution contained a large number of curcumin particles of nearly 50-100 nm size ( Fig. 3a-b) and some bigger particles which are formed by the aggregation of the primary nanoparticles by end-to-end attachment. Such particles could be observed in the sample taken at 1 minute as well ( Fig. 3c-d) . After 3 minutes from the addition of antisolvent, the end-to-end attachment of primary nanoparticles in single particles was still visible and particles did not look completely fused ( Fig. 3e-f ). By the end of 10 minutes, however, the particles looked more fused and layers were less visible ( Fig. 3g-h ). Thus, a time-resolved SEM analysis clearly indicated that curcumin particles precipitated without stabilizer and in the presence of ultrasound are made up of layers formed by the end-to-end attachment of primary curcumin nanoparticles.
SEM micrographs of curcumin particles precipitated in the presence of ultrasound and with SDS are shown in Fig. 2(g-i) . These particles (which are~3 μm in size) possess a rice-seed like morphology with truncated ends. Curcumin particles precipitated with ultrasound and Tween 80 as a stabilizer shown in Fig. 2 (j-l) are~1-2 μm in size and possess a mixed morphology consisting of rice-seed-like particles with truncated ends as well as flat plate-like particles. In both these cases, particles show layers of curcumin fused together to form a complete particle. The concentration of the stabilizer (0.02 wt% of the aqueous suspension) used turns out to be below that of CMC in the case of SDS and above that of CMC in the case of Tween 80. To understand the process of particle formation in these cases, timeresolved SEM analyses were carried out for curcumin particles precipitated in the presence of ultrasound and with SDS and Tween 80 as well ( Fig. 4 and 5 ). In the case of curcumin particles precipitated in the presence of ultrasound and SDS, the particles at 0 minute appear to have been made of layers of curcumin ( Fig. 4a and b ). The particles, however, seem to have undergone fusion later as evident from the SEM image of a sample taken at 3 minutes ( Fig. 4e and f) and 10 minutes ( Fig. 4g and h ). At 10 minutes, breakage of curcumin particles due to ultrasound also seems to have occurred ( Fig. 4g and h ). In the case of curcumin particles precipitated with ultrasound and Tween 80, the primary building blocks of the particles were not very visible in any of the time-resolved SEM images (Fig. 5) .
While curcumin particles precipitated in the presence of ultrasound and small-molecule stabilizers like SDS and Tween 80 mainly exhibit rice-seed like (fused) morphology, curcumin particles precipitated with polymeric stabilizers such as BSA, HPMC, and PVP clearly look like aggregates formed by the assembly of several nanoparticles. The particles precipitated in the presence of BSA and ultrasound appear to be spherical aggregates~1 μm in size made from aggregation of several primary nanoparticles [shown in Fig. 2(m-o) ]. These primary nanoparticles were found to be plate-like as well as spherical with a size of~100-200 nm (see Fig. 2o ). In the presence of ultrasound and HPMC, rice seed-like superparticles of~2-5 μm were obtained [shown in Fig. 2(p-r) ]. The primary constituents of these particles were found to be small rod-shaped nanoparticles around 100 nm in size (see Fig. 2r ). Precipitation of curcumin in the presence of PVP and ultrasound [shown in Fig. 2(s-u) ] results in spherical pearl-like aggregates~1.5 μm in size, where the primary units were spherical nanoparticles with a size of~50-80 nm (see Fig. 2u ).
The AFM analysis of the precipitated particles yielded additional evidence of the aggregation of curcumin nanoparticles into superstructures (Fig. 6 ). It can be clearly observed from the AFM image of the curcumin particle precipitated in the presence of ultrasound and without stabilizer (Fig. 6A ) that this particle is made up of subunits which are attached to each other possibly through the (001) plane and arranged in the c direction (also confirmed by time-resolved SEM imaging shown in Fig. 3 ). The AFM image of the particles precipitated in the presence of SDS and ultrasound (Fig. 6B ) and the AFM image of curcumin particles precipitated in the presence of Tween 80 and ultrasound (Fig. 6C) , however, did not clearly present evidence of aggregation of primary nanoparticles. Instead, these images showed particles with rough surfaces. The AFM image of curcumin particles precipitated with ultrasound and BSA shows randomly arranged subunits (Fig. 6D) . The AFM image of the curcumin particle precipitated with ultrasound and HPMC shows primary nanoparticles arranged in the c-direction (Fig. 6E) . Further, the curcumin particles precipitated with ultrasound and PVP are randomly arranged (Fig. 6F) . Although the exact arrangement of subunits in the particle is not completely visible with the help of AFM analysis, it still provides useful View Article Online information on the self-assemblies of the small subunits into final superparticles. In order to obtain further insight into the particle formation mechanisms, HR-TEM analysis of particles precipitated in the presence of ultrasound and stabilizers was carried out (Fig. 7) . It can be observed from Fig. 7B that the SAED pattern of the curcumin particle precipitated in the presence of ultrasound and without stabilizer is a combination of rings as well as a few bright and discrete spots, indicating the existence of some crystallographic order among the primary constituents as well as the polycrystalline nature of these particles. On the other hand, a sharp ring-like pattern obtained from the particles precipitated in the presence of ultrasound and SDS indicates a strong polycrystalline nature of these particles (Fig. 7D) . The SAED pattern of curcumin particles precipitated in the presence of ultrasound and Tween 80 (Fig. 7F) shows a diffuse zone with well-spread bright spots. Similarly, the SAED pattern of the curcumin particle precipitated in the presence of ultrasound and with BSA (Fig. 7H) shows sharp rings indicating the polycrystalline nature of these particles. The particles precipitated in the presence of ultrasound and HPMC, on the other hand, yield a diffraction pattern consisting of discrete as well as randomly spread spots indicating a mix of ordered as well as polycrystalline nature of these particles (Fig. 7J) . However, in the case of curcumin particles precipitated in the presence of ultrasound and PVP, the SAED pattern (Fig. 7L) shows a diffuse zone with a few bright spots, indicating that these particles mainly consist of a matrix of amorphous subunits (also evident from XRD). Thus, SAED patterns of curcumin particles precipitated with stabilizers show traces of crystallinity to a varying extent. The extent of crystallinity is different in each case. In fact, in the case of curcumin particles precipitated with PVP and ultrasound, the precipitated particles were found to be mainly amorphous in nature.
Proposed mechanism for formation of curcumin superstructures
Based on the results of the characterization of precipitated particles, we can now propose hypothesized mechanisms for the formation of superstructures of curcumin with different morphologies.
The dendritic structures obtained by precipitation in the absence of ultrasound and no stabilizers are the result of the diffusion-limited growth mechanism 24, 25 (due to the limitation of mass transport in the absence of ultrasound). The absence of perfect mixing (no micromixing in the absence of ultrasound 3, 26, 27 ) results in non-uniform zones of high supersaturation in the solution, which lead to uncontrolled growth of the particles (Fig. 8, path A) . Such dendritic structures were not observed when ultrasound was used, where particle morphology was rice seed-like at 0 h as well as 24 h. These observations possibly indicate an increased stability of curcumin particles precipitated in the presence of ultrasound against growth and the change in growth mechanism from diffusion-limited (due to the limitation of mass transport) in the absence of ultrasound to integration controlled (due to a well-mixed environment) in the presence of ultrasound (Fig. 8, path B) . The change in growth mechanism could be attributed to the enhanced diffusivity of curcumin in aqueous solution under the influence of ultrasound. It has been reported in the literature that ultrasound increases the liquid-phase diffusivity of molecules by manifold. 3, 26, 27 In our earlier study on liquid antisolvent precipitation of curcumin, it was found that 105 W ultrasound increases the diffusivity of curcumin in aqueous ethanolic solution by 300-400-fold. 28 In addition to the tremendous increase in diffusivity, ultrasound also enhances micromixing. 3, 26, 27 These two effects together generate uniform supersaturation in the solution, which further helps in transforming localized and high-concentration gradients surrounding the growing particle surface (in the absence of ultrasound) into uniform and (hence) low-concentration gradients surrounding a growing crystal face (Fig. 8, path B) . The suppression/lowering of the effective concentration gradients surrounding the growing crystal faces (or effective surface supersaturation) induces integration-controlled growth of particles. Precipitation of curcumin particles with rice seed-like morphology found in the case of particles precipitated with ultrasound but no stabilizer can be explained with the help of the arrangement of curcumin molecules in the orthorhombic unit cell. Fig. 9 shows a typical orthorhombic unit cell (form 3) for curcumin with an arrangement of curcumin molecules in it. It is evident that the phenolic hydroxyl and phenolic methyl groups protrude out of the (001) plane (same groups in the case of orthorhombic form 2 are present on the (100) plane). These groups interact through hydrogen bonds with the phenolic methyl groups and phenolic hydroxyl groups of other curcumin molecules. Such interactions result in a growth by attachment of primary units along the c axis, and hence the elongated rice seed-like particle morphology was observed in the case of particles precipitated with ultrasound but no stabilizer.
The use of stabilizers along with ultrasound, however, alters the particle morphology as explained in section 2.2, which is a result of curcumin-stabilizer interactions. The possible mechanisms for formation of particles with specific morphology due to stabilizer and curcumin interactions schematically presented in Fig. 10 is explained below. FTIR studies were carried out to investigate the interaction among curcumin and stabilizer molecules. FTIR spectra of curcumin particles precipitated in the presence of SDS along with ultrasound and in the presence of Tween 80 along with ultrasound show peak broadening at 3417 cm −1 and 3276 cm positions when compared to FTIR spectra of curcumin particles precipitated with ultrasound and no stabilizer (Fig. S17 †) , indicating increased interaction of stabilizer molecules of SDS and Tween 80 with curcumin molecules. However, based on the evidence gathered from SEM, TEM, AFM and FTIR studies, it is difficult to propose an exact mechanism of particle formation in the presence of Tween 80 and SDS along with ultrasound. The observation of the morphology of these particles by SEM analysis (Fig. 2g-l) and also by time-resolved SEM studies (Fig. 4 and 5) does not clearly show primary building blocks or aggregates of primary nanoparticles. The particles in these cases look more fused. This possibly indicates that either a faster fusion of primary units into single particles has occurred or particle growth by the process of molecule-by-molecule addition has occurred. The exact mechanism is quite unclear. As mentioned earlier, the concentration of SDS and Tween 80 (0.02 wt% of the aqueous solution) used turns out to be lower than that of CMC for SDS and higher than that of CMC for Tween 80. It has been reported in the literature that surfactants like SDS (at below CMC concentration) can act as growth inhibitors by adsorption on the particle surface. 29 However, it is also possible that these surfactants may act as secondary nucleation agents and cause growth of particles at below CMC levels. 30 At concentrations above CMC, growth of particles can be accelerated by surfactant micelles by the mechanism of solubilisation of drug molecules into the micelles and transportation of these molecules to the particle surface. 31 At present, the exact mechanism of particle formation in the presence of Tween 80 and SDS (at different concentration levels) along with ultrasound is not clear (vis-à-vis the mechanisms reported in the literature [29] [30] [31] ). Ascertaining an exact mechanism will require a detailed analysis which is currently an ongoing research effort in our group. The hypothesized mechanism of particle formation in the presence of large polymeric molecules along with ultrasound, however, can be proposed based on the possible interactions between curcumin molecules and the stabilizer molecules. The curcumin particles precipitated with ultrasound and BSA as a stabilizer are spherical and are made by aggregation of several spherical and cubic curcumin nanoparticles. The zeta potential of these particles was found to be −42 mV, indicating favourable interaction between BSA and curcumin molecules. BSA at pH 6.5 (all the experiments in this work had a suspension pH in the range of 6-7) contains only deprotonated hydroxyl groups (-COOH) on the surface, whereas -NH 2 groups are embedded within the globular structure of BSA. 32 Therefore, BSA can interact at the ends of the curcumin molecule at phenolic -OH and methoxyl groups resulting in a quick arrest of curcumin particle growth in all directions (schematic shown in Fig. 10 ). This may result in spherical primary nanoparticles precipitated in the presence of BSA. These primary units agglomerate further to form spherical superparticles. HPMC, which is a neutral polymer, has several groups (such as -OH and -OCH 3 ) which are capable of hydrogen bonding with curcumin molecules. However, a curcumin molecule has only one deprotonized group in the pH range of [6] [7] [8] [9] [10] [11] [12] 33 i.e. enolic -OH, which can possibly be involved in hydrogen bonding (all the experiments in this work had a suspension pH in the range of 6-7). The functional groups of -OH or -OCH 3 from HPMC can interact through hydrogen bonding with the deprotonated enolic -OH of curcumin which is on the lateral side of a curcumin molecule. This could further be confirmed by the zeta potential (ZP) of curcumin particles precipitated with HPMC. The ZP of these particles was found to be −5 mV, whereas the ZP of bare curcumin particles precipitated with ultrasound and without HPMC was found to be −38 mV. HPMC being neutral, its interaction with curcumin molecules at the enolic -OH position masks the negative charge and reduces the negative value of the ZP of curcumin particles. The small rod-like primary units of curcumin particles are formed (as evident from the SEM micrographs shown in Fig. 2k and l) due to the adsorption of HPMC on the lateral sides of the curcumin nanoparticles. These HPMC-coated rod-like primary nanoparticles would further aggregate (by end-to-end attachment) along the c axis and form rice seed-like particles (schematic shown in Fig. 10 ).
In the case of PVP as a stabilizer, spherical primary nanoparticles are formed, which further aggregate to form spherical superparticles (Fig. 10) . The zeta potential of particles precipitated with PVP and ultrasound was found to be −27 mV. In this case, a spherical shape of primary nanoparticles could be a result of effective stabilization of curcumin particles through hydrogen bonding with curcumin molecules as evident from the FTIR analysis which was carried out to understand the possible interactions of stabilizers with curcumin (Fig. S18 †) . FTIR analysis reveals that major changes occur in the case of particles precipitated with ultrasound and PVP only in the frequency region corresponding to -OH interactions in comparison to other particles precipitated with other stabilizers. This observation indicates that PVP is a better stabilizer compared to other stabilizers. Such favorable interactions of PVP with curcumin molecules result in the formation of spherical and amorphous primary nanoparticles (also evident from XRD and SAED patterns), which aggregate further to form superparticles.
Thus, the formation of curcumin particles in the presence of ultrasound only (and no stabilizer) and in the presence of ultrasound along with polymeric stabilizers such as BSA, HPMC, and PVP seems to follow a non-classical crystallization pathway. Generally, a non-classical pathway of particle formation is followed when a large number of temporarily stabilized nanoparticles are formed and levels of supersaturation for particle growth decrease to a low value due to the consumption of supersaturation for large nucleation rates. 13 The use of ultrasound and additives leads to large nucleation rates (due to enhanced diffusion coefficients of solute molecules 3, 28 and reduction in surface tension at the solid-liquid interface 3 ). These large nucleation rates coupled with integration-controlled growth of particles 31 result in a large population of nanoparticles and a reduced level of supersaturation. In addition to this, ultrasound and stabilizers also facilitate stabilization of nanoparticles by converting thermodynamically unstable matter into a more stable form 5, 28 and by preventing the growth of the particles due to adsorbed stabilizer molecules, 26, 34 respectively. These primary stabilized nanoparticles then aggregate randomly in the presence of stabilizers and ultrasound to form secondary superparticles. The shape, morphology and crystallinity of these superstructures depend upon the interactions of stabilizers with curcumin molecules. The particles precipitated in the presence of largemolecule stabilizers such as HPMC, BSA and PVP seem to undergo slower crystallographic fusion mainly due to occlusion of large polymeric molecules in the superstructure. The presence of these polymeric stabilizers prevents reorientation and fusion of primary nanoparticles resulting in the formation of superstructures. 35, 36 As opposed to this, the particles precipitated in the presence of small-molecule stabilizers such as Tween 80 and SDS along with ultrasound looked more fused. Additional research is needed to ascertain an exact particle formation mechanism in these two cases.
Conclusions
Precipitation of a poorly water-soluble drug, curcumin, has been carried out from its ethanolic solutions using water as an antisolvent in the presence of ultrasound and stabilizers. SEM analysis of precipitated particles reveals an interesting morphological behavior of curcumin particles when precipitated in the presence of ultrasound and stabilizers. The absence of ultrasound during precipitation results in dendritic particles due to a diffusion-limited growth in the absence of uniform mixing, whereas the use of ultrasound alone results in a rice seed-like particle morphology. Precipitation of curcumin particles in the presence of ultrasound and (with or without) stabilizers seems to follow a nonclassical crystallization pathway. The use of ultrasound and stabilizers leads to large nucleation rates and hence to a large population of stabilized nanoparticles. These stabilized nanoparticles assemble under the influence of ultrasound to form superstructures. Curcumin particles precipitated in the presence of ultrasound and with SDS as well as Tween 80 have a rice seed-like morphology and appear to be quite fused. On the other hand, curcumin particles precipitated with polymeric stabilizers such as BSA, HPMC, and PVP clearly look like the aggregates formed via assembly of several nanoparticles. The particles precipitated in the presence of BSA and ultrasound appear to be spherical aggregates~1 μm in size made by aggregation of several primary nanoparticles. The primary constituents of these superparticles were found to be plate-like as well as spherical nanoparticles 100-200 nm in size. In the presence of ultrasound and HPMC the rice seed-like superparticles of~2-5 μm were obtained when precipitation of curcumin was carried out. The primary constituents of these particles were found to be small rod-shaped nanoparticles around 100 nm in size. Precipitation of curcumin in the presence of PVP and ultrasound results in spherical pearl-like aggregates~1.5 μm in size, where the primary units were spherical nanoparticles with a size of~50-80 nm. Thus, it can be proposed that the polymeric stabilizers prevent crystallographic fusion and hence the particles appear as loose aggregates, whereas smallmolecule stabilizers like SDS and Tween 80 may not be able to prevent fusion of individual particles and hence these particles look more fused. It is also possible that the process of particle growth via molecule-by-molecule addition may have been followed. Further research is needed to ascertain an exact mechanism of particle formation in these cases. Ultrasound induces formation of different polymorphs of curcumin as compared to the starting material. While raw curcumin particles are in the monoclinic form, the particles precipitated in the presence of ultrasound and stabilizers mainly conform to the orthorhombic form of curcumin. The polymorphic transformations are induced mainly due to prevention of hydrogen bonding among curcumin molecules (which is responsible for macrocyclic ring formation in the monoclinic form) by ultrasound.
The results presented in this work demonstrate that the particle formation pathways of curcumin could be manipulated to obtain desired morphological and polymorphic characteristics through a judicious choice of stabilizers and mixing techniques (ultrasound vs. stirring). Moreover, this methodology could be applied to other poorly water-soluble drugs as well as other organic and inorganic materials which can be precipitated by the liquid antisolvent technique.
